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ABSTRACT 
The MoO3 coated ZnO photocatalysts were synthesized for the optimum harvesting of the 
absorbed ultraviolet sunlight photons by initially permeating Mo
6+
 ions at the surface of pre-
synthesized ZnO and finally transformed to MoO3 by thermal treatment in the air. The 
absorption spectra of the synthesized powders revealed the extension of the absorption edge in 
the visible region whereas, the photoluminescence spectroscopy established the supporting role 
of the MoO3 coating in gradually plummeting the excitons recombination. The growth of 
additional peaks in Raman as well as x-ray photoelectron spectra and the appearance of the 
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corresponding low-intensity reflection substantiated the surface prevalence of MoO3. The 
absence of the individual particles of MoO3 in FESEM and the verification of coated layer by 
HRTEM images validated the authenticity of the adopted synthetic route. The electrochemical 
evaluation of the synthesized powders under illumination revealed the complete elimination of 
photocorrosion and the synergic role of the MoO3 layer for improved trap and transfer of charge 
carriers. The evaluation of the flat-band potentials of the coated powders by Mott-Schottky 
analysis revealed the suitability of the conduction band edges for the generation of superoxide 
anion radicals. The photocatalytic activity of the synthesized powders was assessed for the 
removal of chloro derivatives (mono-, di-, trichloroacetic acids) in comparison to pure acetic 
acid. A significant effect of the stability, polarity and stereochemical structure of the substrate on 
the photocatalytic removal process was observed and discussed. The experimental evidences 
from the time-scale chemical analysis were interpreted for the identification of the reactive 
oxygen species (ROS) involved in the degradation/mineralization process. The validation of the 
Langmuir-Hinshelwood kinetic model was also examined. Efforts were made to estimate the 
plausible route of the degradation/mineralization process.  
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1. Introduction 
The growing world demand for “clean water” necessitates the development of a cost-
effective, efficient and user-friendly tool for the decontamination of wastewater. It is generally 
accepted that the advanced oxidation processes (AOP) based on photocatalytic technologies are 
the most sustainable approach to solve this problem [1,2]. However, this demands the 
exploration of sunlight responsive efficient photocatalysts with the choice to discover either the 
new semiconductor combinations or to alter the existing active catalysts [3-6]. In this context, 
TiO2 has been a subject of the large majority of investigations with appreciable improvements in 
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light harvesting and photoactivity [7]. Nevertheless, there is still a huge need of amelioration of 
existing materials, to enhance light absorption, especially in the visible portion of the solar 
spectrum, to improve material stability, to reduce photo-generated charge carrier recombination 
phenomena [8-12]. From this approach, many new materials have been proposed and 
investigated as an alternative to the benchmark TiO2 and its doped, nanostructured or hybridized 
forms [13].
 
Among the other explored metal oxide semiconductors, ZnO, because of its physical 
and optical properties, has partially attracted the attention of the scientific community as a 
suitable replacement to TiO2, however, often been ignored because of its low resistance towards 
excitons recombination (radiative emission) and instability under illumination [14-16]. ZnO is a 
highly fluorescent material, but amazingly has comparable photocatalytic activity with TiO2 that 
suggest the possibility of further improvement in the activity and stability under illumination by 
smearing apposite surface alteration [17-19]. Several strategies of surface modifications that 
include composite formation, metal impregnation and doping of semiconductors are reported in 
the literature [20, 21]. However, the approach of coating the surface by metal impregnation 
established to be an auspicious method because it is easy, convenient and effective, both for 
avoiding recombination and enhancing the stability of ZnO [20, 22, 23]. 
Among the prominent organic pollutants, the derivatives of chloroacetic acid (CAA) such 
as mono-, di- and tri-chloroacetic acid, due to polarity, hydrophilic and highly phytotoxic nature 
are the contaminants of interest. These toxicants not only originated from volatile precursors, but 
also produced as by-products during the biological decontamination (chlorination) of water [24-
29]. At our knowledge the detailed investigations on the photocatalytic removal of these 
derivatives are rare in the literature [30-32].   
The current study is an effort in this direction and aims to develop photocorrosion 
resistant sunlight active photocatalyst for water decontamination by coating the surface of ZnO 
with different wt% loadings of MoO3. The optical and structural characterization of synthesized 
materials was performed by DRS, PL, XRD, XPS and Raman spectroscopy respectively. The 
morphology and homogeneity of materials were examined by FESEM and HRTEM. The 
staircase potential electrochemical impedance spectroscopy (SPEIS) was employed to evaluate 
the flat-band potential and band edge potentials whereas the stability of the coated materials 
under illumination were assessed by cyclic voltammetry (CV). The charge transport and 
retention ability of the MoO3 coating were investigated by electrochemical impedance 
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spectroscopy (EIS) and chronopotentiometry (CP). The photocatalytic activity of the MoO3
 
modified ZnO was evaluated for the degradation of mono-, di- and trichloro derivatives of acetic 
acid under natural sunlight (daylight) irradiation. Contrary to traditional analytical tools, the 
simultaneous variations in the concentration of respective ions, during the degradation process, 
was monitored by ion chromatography (IC). The potential of mineralization of the coated 
catalysts was assessed by total organic carbon (TOC) measurements. The reusability of the 
catalyst with optimum activity was also investigated. Finally, the results from the various 
analytical tools were correlated to propose the plausible route of degradation/mineralization. 
2. EXPERIMENTAL 
2.1. Synthesis of MoO3 coated ZnO 
MoO3 coated ZnO photocatalysts were synthesized by impregnating Mo
6+
 ions on pre-
synthesized ZnO. The synthesis of hexagonal ZnO was carried out by the slow hydrolysis of zinc 
acetate using 0.1 M KOH [33]. The wet impregnation method [34] was used for the synthesis of 
0.5, 1, 3, and 5 wt% of MoO3 coated ZnO catalysts. In a typical synthesis of 0.5wt% Mo
6+
 
deposited ZnO, 0.092g of (NH4)6Mo7O24·4H2O (Sigma-Aldrich, 99.99%), containing 0.5 wt% 
Mo
6+
 ions with respect to the weight of ZnO, was dissolved in 50 ml of deionized water followed 
by the addition of Triton X-100 as a surfactant under stirring. The precisely weighed amount of 
ZnO (10 g) was added to the Mo
6+
 solution. The slurry was aged overnight till dryness at 100
o
C 
under constant stirring for maximum deposition of Mo
6+
 ions at the surface of ZnO. For 
complete conversion of impregnated Mo
6+
 ions to MoO3, the dried powder was calcined at 
500°C for 4 h in a muffle furnace with the heating and cooling rate of 10
o
C/min. The other 
compositions were synthesized accordingly and identified as 0.5, 1, 3 and 5 wt% MoO3 coated 
ZnO.  
2.2. Characterization of coated photocatalysts 
The solid-state absorption and diffuse reflectance spectra (DRS) of the synthesized MoO3 
coated ZnO photocatalysts were acquired by UV-visible diffuse reflectance spectrophotometer 
(Lambda 650, Perkin Elmer, USA) in the 190-900 nm range. The %R data were subjected to 
Kubelka-Munk transformation, F(R), for the evaluation of direct absorption edges by plotting (F 
(R) × hυ)2 versus hυ (eV). The photoluminescence (PL) emission spectra of the synthesized 
powders were recorded by a fluorescence spectro-fluorophotometer (RF-5301 PC, Shimadzu, 
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Japan) at an excitation wavelength of 200 nm while the fluorescence emissions were recorded in 
the range of 300 to 800 nm. A DXR Raman Microscope (Thermo Scientific, USA,) equipped 
with 532 nm laser as the excitation source at 6mW power measured the Raman shifts.  The 
powder XRD patterns of bare and MoO3 coated ZnO powders were recorded by X’Pert X-ray 
powder diffractometer (PW1398, Philips, Netherlands) equipped with Cu Kα radiation source, in 
the 2θ range of 20° to 90° with a step time of 3 seconds and step size of 0.05o. Scherer’s equation 
was applied on intense reflections to evaluate the crystallite size of various phases. The 
variations in the oxidation states of Mo and Zn were estimated by x-ray photoelectron 
spectroscopy (XPS) in the binding energy range of 0 eV to 1350 eV by X-ray Photoelectron 
Spectrometer (PHI 5000 Versa Probe II, ULVAC-PHI Inc., USA). The morphology of the 
synthesized powders was examined by Field Emission Scanning Electron Microscope (FEI, 
Quanta FEG 450, Quorum Q150R ES, Quorum Technologies Ltd., England) at a voltage of 
30kV. Prior to imaging, the samples were coated with gold. The fine structural analysis was 
performed by transmission electron microscopy (TEM), (JEM2100F, JEOL, Japan) operated at 
200KV. For the analysis, a 2-3 mg sample powder was dispersed in 10 ml of methanol by 
sonication. A 5 µL drop of dispersed sample was dried on 3mm carbon-coated Cu grid and 
degassed for 30 min at 50 
°
C in a vacuum desiccator. 
2.3. Photoelectrochemical investigations 
The Mott-Schottky analysis was performed by sweeping the potential in the range of -1.5 
to +1.5 V versus saturated calomel electrode (SCE) with an AC frequency of 1 kHz and an 
amplitude of 10 mV, both in the dark and under illumination. The working electrodes were 
prepared by casting off 10 µl of the 2:1 (2 mg photocatalyst in 1 mL of 0.1% Nafion solution) 
suspension onto a glassy carbon electrode. The ability of MoO3 coated layers in suppressing the 
photocorrosion, compared to pure ZnO, under illumination, was evaluated by cyclic voltammetry 
(CV) using a VSP multi-channel potentiostat (Bio-logic Science Instrument, USA) equipped 
with Ec-lab software in a three electrode system, namely; glassy carbon electrode (working 
electrode), platinum (counter electrode) and Ag/AgCl saturated electrode (reference electrode). 
The powders, dispersed in chloroform, were coated at the tip of glassy carbon electrode by 
dropping 10μl of suspension and dried in hot air for film formation. The homogeneity of the film 
was analyzed optically. For acquiring cyclic voltammograms under illumination, a 50-watt 
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halogen lamp was used as a light source. The cyclic voltammograms acquired for the coated 
samples, both in the dark and under illumination, were compared with that of pure ZnO. All the 
measurements were carried out at room temperature (25
o
C). 
2.4. Evaluation of Photocatalytic activity 
  The photocatalytic activity of pure and MoO3 coated ZnO powders in sunlight 
exposure was evaluated by exposing 150 ml of respective acetic acid and haloacetic acid 
solutions (50 ppm each) containing the optimized amount (150 mg) of respective catalyst in 
a Pyrex
®
 glass reactor. The dimensions of the glass reactor were 15.5 (diameter) × 2.5 
(height). The evaluated effective surface area of the reactor was 189 cm
2
. The photocatalytic 
experiments were performed under sunlight illumination of 800±100×10
2
 lx (21.4939
o
 N, 
39.2503
o
 E) in the month of December-January for a fixed period of the daylight i.e. from 
9:30 am to 3:00 pm without stirring. Prior to exposure, the adsorption-desorption 
equilibrium between the catalysts and substrates was established by stirring the samples in 
the dark for 30 min. The optimization of the MoO3 coating was performed by using MCAA 
as substrate. The amount of the catalysts was optimized for pure ZnO and kept constant for 
rational comparison. The progress of degradation process was monitored by drawing the 
samples after every 20 mins in the first hour, after 30 min in the second hour and after 60 
min in the last two hours. The catalyst was removed by using 0.20µm Whatman syringe 
filter. The collected samples were analyzed by ion chromatography, Dionex (ICS-5000 + 
EG Eluent Generator), Thermo scientific, USA, to measure the released ions during a 
photocatalytic process. The progress of the removal process was monitored by ion 
chromatography (IC) in two different operational modes. The isocratic approach was 
employed to measure the instantaneous decrease and simultaneous increase in the in the 
concentration of substrates and released chloride ions, respectively, whereas the complete 
profiling of all the released anions was accomplished by gradient mode. TOC-VCPH total 
carbon analyzer supplied by Shimadzu Corporation, Japan, measured the total organic 
carbon (TOC) of the samples. Blank experiments were performed to estimate the decrease in 
concentration of the substrates by direct photolysis.    
3. RESULTS AND DISCUSSION 
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3.1. Characterization of Photocatalysts 
The comparison of the reflectance spectra of the ZnO, MoO3, and MoO3 altered ZnO is 
presented in Fig. 1a. A mild decrease in the %R with the increasing coating level is noticeable. 
The appreciable decrease for 1 wt% MoO3 coated sample in 400 to 900 nm suggests an optimal 
thickness of the coated layer. The solid-state absorption spectra, as shown in Fig. 1b, directly 
indicate the beneficial role of the presence of MoO3 in enhancing visible light absorption, with 
the maximum effect for 1 wt% MoO3 coated sample. The observation highlights the important 
role of Mo
6+
 based phases on extending the spectral response in the visible region. The coated 
MoO3 introduced additional Mo
6+
 (4d
0
 5s
0
) orbitals in the vicinity of the conduction band (Zn 
3d
10
4s
0
) of ZnO. The direct transitions from the valence band (O 2p) to the newly defined-low 
laying conduction band by the Mo
6+
 entities resulted in the shifting of the absorption edge to the 
visible region. The bandgap values, calculated by means of Kubelka-Munk transformation (Fig. 
1 c and d) for pure MoO3, ZnO and coated samples (0.5, 1, 3 and 5wt% MoO3) were ~2.87, ~3.1, 
~2.9, ~2.85, ~2.94, and ~2.95 eV, respectively. The observed values for the MoO3 and ZnO were 
in close agreement with the literature values [35].  The 0.5 and 1wt% MoO3 coated ZnO samples 
exhibited a mild lowering in the bandgap energy as compared to bare ZnO whereas for 3 and 
5wt% MoO3 coated samples, the major contribution appeared from the MoO3 coating because of 
the optimal surface coverage.  
The comparison of the PL spectra of pure MoO3 and ZnO with those of the MoO3 coated 
powders is presented in Fig. 1e. For the pure ZnO and MoO3, the bands centered at ~402.3 nm 
and ~448.3 nm specified the bandgap de-excitations. The calculated bandgap energies of ~3.08 
eV and ~2.77 eV were in accordance with the DRS analysis. The broad band with the sharp 
maxima at ~464 nm in the emission spectra of ZnO represented the de-excitations of the 
electrons trapped in the defect states, whereas the broadening of the band furnishes the rough 
estimate of the density of the trapping sites at the surface of the material. Variations in the 
morphology account for the minor variations in the positions of these bands with respect to the 
literature [33]. Additionally, the intensity of the emission for ZnO was significantly higher than 
that of MoO3. A significant decrease in the intensity of both the bands was noticed even with the 
minimum coating level of 0.5 wt%. A successive decrease in the intensity with the increasing 
surface density of MoO3 signified the supporting role of the coated layers in suppressing the 
exciton recombination process. A decrease of ~16, ~23, ~42 and ~53% in the intensity of the 
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band at ~402.3 nm was observed for 0.5, 1, 3, and 5 wt% MoO3 coated ZnO powders, 
respectively.  
The major Raman active bands of pure ZnO were observed at ~334.84, ~388.39, 
~438.50, ~535.40 and ~1154.92 cm
-1
 [33]. The comparison of the Raman spectra of bare and 
MoO3 coated ZnO (Fig. 1f) evidences a significant decrease in the intensity of the E2 band of 
ZnO at 438.50 cm
-1
 originated by the vibrations of surface Zn
2+
-O
-
 groups and the appearance of 
the additional bands, in 900 to 1100 cm
-1
 region, with the increasing MoO3 coating. The 
substantially decreased intensity of the E2 band even at the lower MoO3 coating, i.e. 0.5 and 1 
wt%, indicates a strong interaction between surface oxygen and Mo
6+
. The intensity decrease 
becomes more significant as the surface coverage increases. For 3 wt% MoO3 coated ZnO, the 
appearance of the additional doublet at ~947.69 and ~966.97 cm
-1
 can be attributed to the 
stretching of Mo=O and MoO
-
, respectively.  An enhanced intensity of the doublet was noticed 
with the further increase in the MoO3 coating with the appearance of additional bands in 800 to 
900 cm
-1
 verified the bending and asymmetric stretching of Mo-O-Mo bonds.  
The XRD patterns of the pure MoO3, ZnO, and MoO3 coated ZnO are presented in Fig. 
2a. The major reflections due to pure ZnO at the 2θ values of 31.73° (51%), 34.39° (38.6%), 
36.20° (100%), 47.50° (28.3%), 56.55° (48.7%), 62.80° (45.7%) and 67.9° (40.6%) were in 
accordance with that of hexagonal ZnO (JCPDS 36-1451) [23, 36] whereas that of MoO3 
matched with monoclinic phase (JCPDS 47-1081). In the coated samples, apart from the 
variations in the intensity of the reflections, probably, the intense reflections of ZnO over 
shadowed the reflections due to the low (0.5 and 1wt%) MoO3 coatings. However, a mild growth 
of the additional XRD reflections was noticed in 3 and 5wt% MoO3 coated samples. The 
exploded view of the XRD patterns showing the progress of additional reflections in the 2θ range 
of 20 to 30º is presented in Fig. 2b. The XRD analysis revealed the presence of monoclinic 
MoO3 (JCPDS 47-1081) as the major phase, whereas low-intensity reflections also indicated the 
existence of triclinic ZnMoO4 (JCPDS 35-0765). It might be anticipated that the interaction of 
the Mo
6+
 with the surface oxygen shared by Zn
2+
 results in the formation of surface ZnMoO4 
whereas the successive layer deposit as MoO3. In the evaluation of the average crystallite sizes of 
the coated powders, in comparison to pure ZnO, a mild increase till 3wt% MoO3 coating 
followed by a decrease for 5wt% was witnessed. The evaluated average crystallite sizes of bare, 
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0.5, 1, 3 and 5wt% MoO3 coated ZnO powders were ~50.70, ~53.22, ~54.50, ~55.80, and ~48.3 
nm, respectively.   
The comparison of the typical wide angle XPS survey scans of 3 wt% MoO3 coated ZnO 
powder before and after the surface etching is presented in Fig. 3, where the peaks due to O1s, 
Zn2p, and Mo3d core level are observable. The binding energy value of 284.6 eV for C1s 
(internal standard) was used to correct both the spectra. As presented in the inset (a) and (b) of 
Fig. 3, apart from the minor variations in the peak symmetries and intensity, the etching resulted 
in no significant disparities in the binding energies. The precise binding energies of the spin-orbit 
splitted Mo3d, O1s and Zn2p core levels, before and after etching, were recognized by the 
narrow-angle scanning and Gaussian fitting of each component. The fitted spin-orbit split Mo3d 
(Mo3d5/2 and Mo3d3/2) core levels before and after the etching is presented in Fig. 4a and b 
respectively. The mild asymmetry of the original high precision doublet of Mo3d, before etching, 
revealed the existence of additional oxidation states or Mo
6+
 in the dissimilar chemical 
environment. The deconvolution of the splitted peaks (Mo3d5/2 and Mo3d3/2) disclosed the major 
set of peaks at ~232.79 and ~235.9 eV representing the 3d5/2 and 3d3/2 levels respectively of 
Mo
6+
 of coated MoO3. In addition to the major Mo
6+
 peaks, two additional sets of low-intensity 
peaks at lower and higher binding energies as compared to that of principle Mo
6+
 peaks were 
also observable. The set of minor peaks of lower binding energy values of ~232.2 and ~235.38 
eV represented the 3d5/2 and 3d3/2 levels of Mo in the 5+ oxidation state. The identification of 
Mo
5+
 states indicated the existence of minor oxygen defects in the coated layer as a consequence 
of the adopted synthetic route. The set of minor peaks at higher binding energy values of 
~233.55 and ~236.66 eV for 3d5/2 and 3d3/2 splitted levels also corresponded to Mo
6+
 however, 
originated from the surface ZnMoO4 in the interfacial region.  After etching, although, a mild red 
shift in the binding energies of the deconvoluted components was noticed, however, the binding 
energy difference of ~3 eV between the splitted Mo3d5/2 (~232.5 eV) and Mo3d3/2 (~235.5 eV) 
remained unaffected before and after the etching. The enhanced intensities of the peaks at 
~231.83 (Mo3d5/2) and ~235.04 eV (Mo3d3/2) revealed the escalated generation of Mo
5+
 states 
under etching.  As presented in Fig. 4c and d, the etching revealed no significant change in the 
symmetry of the O1s peak. The deconvolution of the O1s peaks, before and after the etching, 
exposed four submerged states at distinct binding energies of ~530.1, ~531.09, ~531.77 and 
~532.50 eV before etching and that of ~529.95, ~530.74, ~531.52 and ~532.51 eV after etching. 
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The variation in the binding energy values disclosed their origin from the chemically different 
environment. After etching, the most intense peak at ~529.95 eV, assigned to the oxygen 
attached directly to Zn
2+
 species (Zn
2+
-O), was in accordance with that reported for ZnO [33]. 
The peak at ~530.74 eV corresponded to Mo
6+
-O bonds of the coated MoO3 layer, whereas the 
peaks at ~531.52 eV and ~532.51 eV represented the ZnMoO4 and surface hydroxyl groups of 
adsorbed H2O respectively. The Zn2p3/2 peaks, before and after the etching, are compared in Fig. 
4e and f. As per initial observation, although the near symmetric peaks revealed no major change 
in the chemical environment of Zn
2+
 however, the deconvolution indicated the fraction of Zn
2+
 
entities originating from the different chemical environment other than ZnO. The intense Zn2p3/2 
peaks in the binding energy (BE) values of ~1021.88 eV and ~1021.57 eV respectively, were 
assigned to the Zn
2+
 of ZnO base and were in accordance with the literature values [33]. The 
low-intensity Zn2p3/2 peaks at ~1022.91 and ~1022.81 eV respectively specified the Zn
2+
 
attached to ZnMoO4 in the interfacial region. The minor discrepancy in the observed and 
literature values is probably due to the matrix effect and the adopted experimental conditions 
[37]. 
The high-resolution FESEM images of pure ZnO, 1, 3 and 5wt% MoO3 coated ZnO 
catalysts, are compared in Fig. 5a-d.  A wide particle size distribution of hexagonal ZnO particles 
is observable in the image of pure ZnO (Fig. 5a). The fraction of the particles having the particle 
size ≥ 100 nm was significantly lower. The majority of the particles ranged between 10 to 80 nm 
in size. No significant change in the morphology of the ZnO particles depicted the homogeneous 
distribution of the MoO3 all over the surface without the formation of individual particles. 
Additionally, the aggregation of the ZnO particles with the increasing MoO3 coating was also not 
observed. The gradual diminution of the sharp margins of the hexagonal particles with the 
increasing surface density of MoO3 indicated the deposited layer at the surface. 
The uniform coating of the ZnO particles was further authenticated by TEM analysis. The 
typical TEM images for 5wt% MoO3 coated ZnO, at various resolutions, focusing the particles of 
various sizes are presented in Fig. 6a and b where the ZnO particles entrapped in the coated 
layers of MoO3 are noticeable. Additionally, no noticeable effect of the MoO3 coated layer on 
the morphology of ZnO was observable whereas the uniformity of the coating was independent 
of the size of ZnO particles. The HRTEM image focusing the interfacial region is presented in 
Fig. 6c, where two discrete lattice fringes corresponding to the coated MoO3 layer and the ZnO 
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base material are evident. The measurement of the interlayer spacing of the individual lattice 
planes is presented in Fig. 6d. The measured d-spacing of 0.268 nm and 0.252 nm, corresponded 
to the (002) and (102) lattice planes of ZnO and MoO3 respectively. The discrete interlayer 
spacing also verified the single crystalline nature of the MoO3 coating. The acquired SAED 
patterns distinctly representing the MoO3 coating and the ZnO base material are presented in Fig. 
6e and f, whereas the diffraction angles, d-spacing and allied parameters of each numbered 
reflection are arranged in Table 1 and 2 (Supporting information) respectively. The diffractions 
in the SAED patterns were in close agreement with XRD findings.   
As the charge retention and transfer is an essential prerequisite to determining the 
reactive oxygen species (ROS) generating efficiency of a photocatalyst, therefore, prior to the 
actual photocatalytic experiments, the synthesized catalysts were subjected to electrochemical 
impedance (EI) spectroscopy and chronopotentiometry. The Nyquist plots of EI spectra of pure, 
0.5, 1, 3 and 5wt% MoO3 coated ZnO in the dark and under illumination are compared in 
supporting information of Fig. S1a and b, respectively. The decreased electron transfer resistance 
for the coated samples as compared to bare ZnO in the dark measurements revealed the 
facilitating role of MoO3 coating for the mobility of electrons under external bias (Fig. S1a). 
From photocatalysis point of view, the electron transfer behavior under illumination is more 
relevant and can furnish valuable clues regarding the probable performance of the catalysts in the 
actual photocatalytic experiments. Under illumination, a significant decrease in the diameter of 
the semi-circular high-frequency region as compared to that of pure ZnO revealed the 
significantly lower charge transfer resistance of the coated materials. The comparison of the 
resistance both in the high (semi-circular) and low (linear) predicted the comparable charge 
transfer ability of 0.5, 1 and 3wt% MoO3 coated ZnO whereas a comparative increase in the 
resistance was established for 5wt% MoO3 coated sample. In terms of photocatalysis, the same 
may be correlated to the better separation of photogenerated excitons (e
-
-h
+
), extended lifetime 
of the excited states and expected an enhanced generation of ROS [38]. The charge-discharge 
curves, in the dark and under illumination, are presented in the supporting information (Fig. S1c 
and d). The non-ideal charge-discharge curves disclosed the pseudo-capacitative behavior of the 
electrodes. The deviation from the symmetrical triangular shape is due to the faradaic reaction 
occurring at the electrode surface [39-41]. The difference in the time span of charge and 
discharge in the dark and under illumination suggested the varying specific capacitance for each 
  
12 
 
powder. Based on the comparison, among all the powders, a better charge retaining ability was 
noticed for of 1wt% MoO3 coated ZnO. The estimated specific capacitance of 66.5 F g
-1
, 46.6 F 
g
-1
, 58.3 F g
-1
, 49.9 F g
-1
, and 48.1 F g
-1
 in the dark and 49.0 F g
-1
, 52.5 F g
-1
, 70.6 F g
-1
, 62.4 F g
-
1
, 53.5 F g
-1
 under illumination for pure, 0.5, 1, 3 and 5wt% MoO3 coated ZnO respectively. The 
higher specific capacitance of 1wt% MoO3 loaded ZnO sample revealed its comparatively high 
electrical conductivity that can be correlated to efficient charge transfer ability in reference to 
photocatalytic processes. Although, pure ZnO demonstrated significantly high capacitance in the 
dark, however, under illumination, decreased significantly due to photocorrosion.  
3.2. Photocatalytic removal of chloro-acetic acid derivatives 
The photocatalytic activity of the synthesized powders was evaluated for the removal of 
acetic acid and chloroacetic acid derivatives and monitored the progress of the removal process 
by ion chromatography (IC) in two different operational modes. The isocratic mode was 
employed to measure the instantaneous decrease and simultaneous increase in the in the 
concentration of chloro substrates and released chloride ions, respectively, whereas the complete 
profiling of all the released anions was accomplished by gradient mode. Prior to sunlight 
exposure, the dark experiments revealed the varying magnitude of adsorption of substrates on 
each powder. A ~2.3%, ~7%, ~7.5%, ~5.12% and ~3.6% of MCAA was adsorbed on pure, 0.5, 
1, 3 and 5wt% MoO3 loaded ZnO powders respectively. The representative re-plotted IC profiles 
for the removal of MCAA over bare ZnO and 1 wt% MoO3 coated ZnO, as a function of sunlight 
exposure time, illustrating the time-scale decay and growth of the MCAA and Cl
-
 peaks, are 
presented in Fig. S2a and b (Supporting information), respectively. Based on the analysis of 
respective standards, the peaks observed at the retention time of ~4.91 and ~5.45 mins were 
assigned to monochloro-acetate (MCAc) and chloride (Cl
-
) ions, respectively. Noticeably, in the 
IC profile of MCAA for pure ZnO (Fig. S2a) an intense peak at ~7.88 mins, in the ascending 
trend with the increasing sunlight exposure time, is observable that indicated the formation of the 
stable ionic organic byproduct as a consequence of MCAA degradation. The same was neither 
observed for 1wt% (Fig. S2b) nor for any other MoO3 coated ZnO catalyst. The variations in the 
concentration (ppm) of MCAA and Cl
-
 ions with the increasing sunlight exposure time, 
evaluated from the calibration plots of both the ions, are presented in Fig. 7a and b. Although in 
comparison to pure ZnO, all the MoO3 coated ZnO powders exhibited significantly high activity 
for the removal of MCAA however, a marked improvement was noticed for the lower (0.5 and 
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1wt%) as compared to higher (3 and 5wt%) coating levels (Fig. 7a). The 1wt% MoO3 catalyst 
decreased the concentration of MCAA below 1ppm in 180 mins of exposure whereas for 0.5wt% 
catalyst the same was accomplished in 240 mins of exposure. A further increase in the coating 
density resulted in the decreased activity. A similar increasing trend was observed in the 
concentration of Cl
-
 ions with the increasing sunlight exposure time (Fig. 7b). Additionally, the 
concentration of released Cl
-
 ions in solution was consistent with the decrease in the 
concentration of the MCAA. The bar graph expounding the comparison of the percentage 
adsorption and degradation of the MCAA substrate as a function of sunlight exposure time is 
presented in Fig. 7c. In the initial 20 min of sunlight exposure, compared to ~7% for pure ZnO, 
the 0.5, 1, 3 and 5wt% MoO3 coated powders removed ~14%, ~18%, ~13% and ~10% of MCAA 
respectively. Compared to pure ZnO, a ~2.5 fold increase in the removal efficiency of MCAA 
was noticed for 1wt% MoO3 loaded catalyst in the initial span of 20 mins. The 0.5 and 1wt% 
MoO3 loaded catalysts removed >95% in 180 mins of exposure and only 1% catalyst managed to 
remove > 99.5% of the substrate in 240 mins of exposure. The comparison of the graphical 
estimation of the rate constants for the degradation process in the presence of bare and MoO3 
coated ZnO catalysts, evaluated by plotting the ln(Co/C) versus the exposure time, is presented in  
Fig. 7d. Initially, until 120 min of exposure, the rate of MCAA removal increased linearly 
followed by an exponential increase afterward. Probably with the decreasing concentration the 
ratio of the ROS to MCAA molecules has increased that results in the rapid depletion of the 
substrate.  Interestingly, the magnitude of the deviation from Langmuir-Hinshelwood kinetic 
model was more pronounced for the relatively active catalysts loaded with a lower concentration 
of MoO3. Compared to ~60% decrease in the concentration of MCAA for pure ZnO, a TOC 
removal of ~12% for ZnO was witnessed that indicated the transformation of MCAA to some 
other compound rather than mineralization. Therefore, as degradation can result due to any 
structural change in the substrate molecule, the removal efficiency of a photocatalyst cannot be 
accurately judged on the basis of degradation measurements only without coupling with the 
mineralization (TOC removal) data. The 0.5wt% MoO3 loaded ZnO catalyst removed 77% of the 
TOC in 240 min of sunlight exposure, whereas ~89% TOC was removed by 1wt% MoO3 loaded 
ZnO in the same span of time. A decreasing trend in the TOC removal was witnessed with the 
increasing coating density. Interestingly, the mineralization process followed the Langmuir-
Hinshelwood kinetic model with acceptable correlation. 
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The representative IC degradation profiles for the degradation of dichloroacetic acid 
(DCAA) over pure and 1wt% MoO3 coated ZnO are compared in Fig. S3a and b (Supporting 
information). The DCAA in the ionic form was eluted at the retention time of ~6.19 min for both 
the catalysts whereas the released Cl
-
 ions appeared at ~5.45 min. In the dark experiments, a low 
adsorption of ~2.1%, ~7.6%, ~9.4%, ~7.4% and ~4.9% of DCAA on pure, 0.5, 1, 3 and 5wt% 
MoO3 coated ZnO powders, respectively, was noticed. The degradation of DCAA in the 
presence of ZnO revealed the similar practice as that observed for MCAA with the appearance of 
an additional peak of the degradation products at ~8.02 min. For MCAA the same was observed 
at ~7.88 min. The marked variation in the evaluation times recognized both the products as 
dissimilar entities. The comparison of the percentage degradation of DCAA as a function of the 
sunlight exposure time is presented in Fig. S3c. Compared to MCAA, the removal of DCAA was 
significantly swift for all the catalysts including pure ZnO. A percentage degradation of ~28%, 
~52%, ~69% and ~82% was observed for pure ZnO in 60, 120, 180 and 240 min of sunlight 
exposure whereas, ~16%, ~30%, ~43% and ~58% of MCAA was noticed in the same period. 
Although, the decrease in the intensity of the DCAA peak indicated the degradation of the 
substrate, however, similar to the MCAA degradation, the successive growth of the 
corresponding by-product peak in the retention time region of 8-8.5 min (Fig. S3a) verified the 
transformation rather than degradation. The minor TOC removal of ~10.4% further verified the 
finding. The successively growing intense by-product peak, as observed for pure ZnO, was not 
experiential in the IC profiles of the coated catalysts. Among the coated catalysts, the 0.5, 1 and 
3wt% MoO3@ZnO showed the significantly enhanced activity for the degradation of DCAA 
while the activity of 5wt% MoO3@ZnO was marginally higher than that of pure ZnO. Although 
comparable with 0.5wt% MoO3@ZnO, the optimum activity was observed for 1wt% MoO3 
coated ZnO as compared to ~97% for 0.5wt%, ~99.5% removal of the substrate was witnessed 
for 1wt% MoO3 coated ZnO in 180 mins of exposure. The plots of ln(Co/C) versus the sunlight 
exposure time revealed the deviation from the Langmuir-Hinshelwood kinetic model. The 
magnitude of the deviation was significantly higher for 0.5 and 1wt% MoO3 loaded catalysts 
whereas a mild deviation was observed for pure ZnO, 3 and 5wt% MoO3@ZnO. The changes in 
the concentration of chloride ions as a function of the sunlight exposure time, for all the catalysts 
under study, are compared in Fig. S3d. Similar to MCAA removal, the increase in the 
concentration of chloride ions consistent with the disappearance of the substrate predicted the 
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synchronization between the two processes. As the number of Cl groups in DCAA is twice as 
compared to MCAA, an expected higher concentration of Cl
-
 ions in the solution was noticed. A 
significantly high TOC removal of ~90% was observed for 1wt% MoO3@ZnO catalyst as 
compared to 15% for pure ZnO. Additionally, the rate of TOC removal for DCAA was 
significantly higher than that of the MCAA. The difference in both the degradation as well as 
mineralization of MCAA and DCAA may be associated with the higher number of Cl groups.   
The successive decrease in the luminescence intensity with the increasing coating level 
(Fig. 1e) predicted the efficient suppression of recombination process, however, the lower 
activity for the removal of substrates elucidated the inability of the higher coating levels to 
deliver the excitons to the reductants that rationalized the limitations of the PL analysis regarding 
the prediction of charge transport in actual photocatalytic performance. On the other hand, the 
comparison of the electrochemical behavior in the dark and under illumination estimated by EIS 
(Fig. S1a and b) and charge-discharge (Fig. S1c and d) furnishes valuable information regarding 
the charge trapping and transfer process.  
As the coated catalysts were synthesized by gradually concentrating the Mo
6+
 ions at the 
surface of pre-synthesized ZnO by slow thermal evaporation, it might be presumed that at lower 
concentrations (0.5 and 1wt%), patches of MoO3 are formed by the initial attachment of Mo
6+
 
ions with the singly charged surface oxygen that serves as trap and transfer sites for the excited 
electrons. Additionally, at lower Mo
6+
 concentrations (≤ 1wt%) due to the partial surface 
coverage, the contribution of the MoO3 patches in the absorption of incident photons is 
significantly lower. On the other hand, at higher Mo
6+
 loading (≥ 3wt%) the singly charged 
surface oxygen groups are exhausted that results in the complete ZnO surface coverage by the 
successive layers of MoO3. The same is observable in the FESEM and TEM analysis (Fig. 5 and 
6).  
Although a variety of ROS are generated in the form of a cascade, in the aerated aqueous 
photocatalytic system, however, the survival of superoxide anion (O2
• ‾) and hydroxyl (•OH) 
radicals has been reported for prolonged periods [42]: 
 
  2cb2 Oe)dissolved(O        (1) 
 
  HHOh)adsorbed(OH vb2       (2) 
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Besides many other physicochemical factors [42], the suitability of the electrochemical 
potentials established across the valence and conduction bands in the aqueous medium is also 
vital in regulating the population of superoxide anion (O2
• ‾) and hydroxyl (•OH) radicals. In the 
current study, though, the accelerated degradation of MCAA and DCAA substrates with the 
corresponding release of Cl
-
 ions in the solution predicted the possible involvement of charged 
ROS (O2
• ‾) in the removal process, the suitability of the conduction band edges for the 
generation of superoxide anion radicals was investigated by measuring the flat band potential 
(Vfb). The Mott-Schottky plots extracted from SPIES analysis of pure ZnO, MoO3 and the 
synthesized coated powders at neutral pH in the dark and under illumination are presented in Fig. 
8a and b, where the prevalence of the negative potential regions signified the n-type nature of the 
materials. Compared to the dark measurements (Fig. 8a), except for the decreased intensity 
representing the better electron transport, no significant change in the shapes of the curves was 
observable under illumination (Fig. 8b). The graphical evaluation of the Vfb from the 
extrapolation of the linear portion of the curves in the negative potential region to the x-axis, in 
the dark and under illumination, is presented in Fig. 8c and d. As the Vfb of a n-type 
semiconductor corresponds to the potential of the conduction band edge [43] the evaluated Vfb 
values were regarded as the conduction band potentials (Vcb) of the materials. The evaluated Vfb 
values of -0.31 V for pure ZnO were in accordance with the literature values, however, that of -
0.42 V for pure MoO3 was significantly deviated [44, 45]. In the coated powders, a strong 
influence on Vfb was noticed with the increasing MoO3 coating where except for 0.5wt% coated 
catalyst, the onsets were shifted to more negative values. The Vfb of -0.30 V for 0.5wt% MoO3 
coated powder was merely the same as ZnO. The evaluated Vfb values for 1, 3 and 5wt% MoO3 
coated ZnO were -0.60 V, -0.62V, and -0.65 V, respectively. Under illumination, the Vfb for all 
the powders including ZnO and MoO3 was shifted to more negative values. The negative Vfb 
values support the instantaneous ample generation of superoxide anion (O2
•‾) radicals in the 
system. The suitability of Vfb values and the release of the significantly high concentration of Cl
-
 
ions, being negatively charged in nature, categorically support the major involvement of charged 
rather than neutral ROS in the degradation process. Additionally, some recent studies have also 
questioned the existence and involvement of hydroxyl radicals in the oxidation process and 
proposed a complex route based on pH for their generation [42]. On the other hand, the mobility, 
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diffusion and the reactivity of the superoxide anion (O2
•‾) radicals in the aqueous medium are 
also well established [46, 47].  
The trichloroacetic acid (TCAA) also exhibited low average adsorption of ~5% on all the 
catalysts. The time-scale IC profiles for the degradation TCAA in the presence of pure and 1wt% 
MoO3 coated ZnO are presented in Fig. 9a and b, where due to the enhanced dissociation under 
the influence of the catalysts, a shift in the peak position of the TCAA is observable. The shift 
was more pronounced for the coated catalyst as compared to pure ZnO. The comparison of IC 
profiles of TCAA removal over TiO2 (Degussa P-25) is also presented in Fig.9c. Interestingly, as 
presented, a similar response was observed with TiO2 (Degussa P-25). Fig. 9d shows the 
assessment of TCAA removal over bare, 1 wt% MoO3 coated ZnO and TiO2 (Degussa P-25) 
powders. A mild degradation of ~5%, ~12%, and ~15% was noticed for pure ZnO, 1wt% MoO3 
coated ZnO and TiO2 (Degussa P-25) respectively. Additionally, the negligible TOC removal 
and release of Cl
-
 ions was also observable.  
To explore the probable reasons of the low degradation of the TCAA as compared to 
MCAA and DCAA the chemical configuration of the derivatives was analyzed. The 
stereochemical structures of MCAA, DCAA and TCAA are presented in Supporting information 
(Fig. S4). In CAA derivatives, the electronegative Cl groups at the terminal position induce 
charge polarization in the C-Cl thus imparting a partial positive charge on the attached carbon 
atom that serves as the interaction site for the incoming negatively charged superoxide anion (O2
• 
‾) radicals. The corresponding yield of Cl- ions in the solution during the course of the 
degradation process also substantiate the displacement of Cl groups by the negatively charged 
superoxide anion radicals as the origination of the degradation process. An increase in the 
magnitude of the partial positive charge on the terminal carbon atom might be expected with the 
increasing number of Cl groups with the enhanced degradation and significantly higher yield of 
chloride ions in the solution. Based on the trend observed in the degradation of MCAA and 
DCAA, as per analogy, a comparatively swift degradation of TCAA was expected, however, the 
apparent low degradation indicated the influence of stereochemical factors such as the size and 
orientation of the Cl groups that affect the interaction of the ROS with TCAA besides the 
enhanced polarity induced by Cl groups. 
To investigate it further, the geometry of the derivatives was optimized by HyperChem 
(8.0.10) with the provision of the electrostatic charge distribution. The lowest energy 
  
18 
 
configurations of the chloroacetic acid derivatives with the extended charge distribution are 
presented in Supporting information (Fig. S5). The comparison of the optimized structures 
revealed the successive increase in the magnitude of the electronic shielding of the terminal 
carbon with the increasing number of Cl groups. For MCAA and DCAA, with the presence of 
smaller sized electron deficient H atoms (~0.053 nm), the terminal carbon atom with the partial 
positive charge remains accessible to negatively charged superoxide radicals that results in the 
degradation as well as mineralization whereas for TCAA, the bulky electron rich Cl groups 
(~0.181 nm) completely entrap the terminal carbon atom making it inaccessible to the incoming 
charged ROS. As the electronic cloud of the chloride groups, due to the orientation, repels back 
the interacting negatively charged O2
• ‾ radicals, therefore, unable to contribute to the 
degradation of the TCAA. These findings further strengthen the experimental evidence that 
supports the superoxide anion (O2
•‾) radicals are the major contributors in the degradation as well 
as mineralization process.  The observed mild degradation of the TCAA is probably due to the 
interaction of neutral ROS most likely the hydroxyl radicals. The investigation was further 
extended and the degradation of the pure acetic acid (AA) was examined under the identical 
conditions. The IC profiles for the removal of AA over pure ZnO, 1wt% MoO3 coated ZnO, and 
TiO2 (Degussa P-25) is presented in the Supporting information (Fig. S6a-c). As AA is highly 
dissociative in the aqueous medium no shift in the peak position was noticed under the influence 
of catalysts. The comparison of the percentage degradation with the increasing sunlight exposure 
time is presented in the supporting material (Fig. S6d). The degradation of AA was 
comparatively higher than TCAA on both the catalysts but significantly lower than that of 
MCAA and DCAA. The pure ZnO degraded ~9% of AA in 240 mins of exposure, whereas 
1wt% MoO3 coated ZnO and TiO2 (Degussa P-25) removed ~20% and ~25% of the substrate in 
the same period. With the mild increase, the degradation of AA followed the similar trend as that 
of the TCAA. The major difference between the AA and TCAA are the substituents attached to 
the terminal carbon atom. The H groups are of smaller size (53 pm) and an electron deficient 
(1s
1
) with a low electronegativity of 2.2 for the shared electron pair whereas the Cl groups are 
bulky (181 pm), electron rich (3s
2
 3p
5
) with the significantly high electronegativity of 3.16. The 
H groups of AA have neither the potential to induce charge separation nor the ability to shield 
the terminal carbon, whereas the Cl groups of TCAA have both the characteristics. Therefore, 
the degradation of TCAA is retarded by the shielding of the terminal carbon by the Cl groups 
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while for AA the same was observed due to the non-existence of a sufficient polarity to facilitate 
the negatively charged O2
• ‾ radicals. The minor degradation of AA is either accomplished due 
the minor polarity induced by the COO
-
 groups or by the neutral hydroxyl radicals. Therefore, 
for MCAA and DCAA, the Cl group/s induced polarity facilitates the interaction of the 
superoxide anion radicals whereas the shielding of the terminal carbon by the bulky Cl groups in 
TCAA and lack of enough polarity in AA retard the degradation process. A similar behavior of 
TCAA has already been reported in the literature where no hydrogen evolution was observed in 
the presence of TCAA over Pt/TiO2 surfaces [48].  
The possible role of O2
•‾ radicals and the probable mechanism of degradation process 
was further investigated by examining the degradation pattern in the absence of oxygen and 
analyzing the released ions during the degradation of MCAA and DCAA. The comparison of the 
degradation (%) and the C/Co plots for the degradation of MCAA over 1 wt% MoO3 coated ZnO 
with and without dissolved O2 is presented in Fig. 10a and b respectively, whereas the time scale 
IC profile in the absence of O2 is presented in the Supporting information (Fig. S7). A substantial 
decrease in the removal of MCAA pointed the foremost role of dissolved O2, as removed by 
argon (Ar) purging, in the degradation process. The nearly negligible decrease in the 
concentration of MCAA, in the initial 90 min of exposure, specified the non-formation of O2
•‾ 
radicals due to the absence of dissolved O2. As the adsorbed H2O oxidation by the holes (h
+
) 
leads to the in-situ generation of O2, a gradual acceleration in the degradation process was 
witnessed afterward. The initial mild decrease in MCAA concentration of MCAA is probably 
due to the direct interaction of the substrate with the photo-generated entities in competition with 
adsorbed water molecules. The typical ion chromatograms acquired during the removal of 
MCAA and DCAA in the presence of 1 wt% MoO3 coated ZnO under identical experimental 
conditions are presented in Fig. 10c and d. The appeared ions in both the chromatograms were 
identified by comparing with the standards.  In the degradation of both MCAA and DCAA 
besides the substrates and Cl
-
 ions, the other identified ions were ClO2
-
, ClO3
-
, ClO4
-
, CO3
2-
 and 
C2O4
2-
. The oxalate anions can be formed as a result of the oxidative coupling of the carbon 
entities generated as a consequence of the displacement of a single Cl group/s of MCAA and 
DCAA by O2
• ‾ radicals. A successive increase in the concentration of C2O4
2-
 ions was noticed 
during the degradation of the MCAA. An increase in the concentration followed by a decrease 
for DCAA indicated the enhanced interaction of ROS with of C2O4
2-
 with the decreasing 
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concentration of the substrate. The identification of the oxidation products of chloride ions in the 
profiles, both in the degradation of MCAA and DCAA, confirmed the further oxidation of the 
released chloride ions either by the excitons or the ROS. The formation of CO3
2-
 ions in the 
mineralization of organic compounds is the highly expected product. Keeping in view the 
suitability of the conduction band edges, the probability of the ROS that is generated by the 
current system and the chemical features associated with the substrates, the plausible routes of 
the degradation of MCAA, DCAA and TCAA are proposed in scheme 1.  
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Scheme 1:   The plausible routes of chloro-acetic acid derivatives degradation/mineralization 
over   1wt% MoO3 coated ZnO in sunlight exposure. 
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Although hydroxyl radicals (OH
•
) have been described as the major oxidizers in various 
photocatalytic processes [49-51], however, the current study, verified the majority involvement 
of superoxide anion radicals (Scheme 1). In the current study, the photonic efficiencies (PEs) for 
the removal of MCAA and DCAA were evaluated by altering the relation reported in the 
literature [52]. The comparison of the PEs for the removal of MCAA and DCAA in the sunlight 
exposure over pure and MoO3 coated ZnO powders is presented in Fig. 10e and f.  For MCAA, 
the slow degrading catalysts i.e. ZnO and 5 wt% MoO3 coated ZnO exhibited the persistent 
average PEs during the exposure time of 240 mins and the average efficiencies of ~1.11% and 
~1.60% were evaluated. On the other hand, a sharp increase in PEs in the initial 20 mins of 
exposure followed by the gradual decrease was noticed for 0.5, 1 and 3 wt% MoO3 coated ZnO 
with the maximum PEs of ~2.75, ~3.74 and ~2.39% respectively. Contrary to MCAA, except for 
ZnO, after attaining the maximum value in the initial 20 min of exposure, a sharp decrease in the 
PEs was noticed for all the catalysts. Interestingly, the observed maximum photonic efficiencies 
of ~4.80, ~6.5, ~3.0 and ~3.6% for 0.5, 1, 3 and 5 wt% MoO3 coated ZnO in the initial 20 mins 
of exposure were significantly higher than that for MCAA. These PEs values are in good 
agreement with the previously reported literature values [53, 54]. It might be anticipated that the 
decrease in the photonic efficiencies with the increasing exposure time is owing to the depleting 
concentration due to rapid removal that disturbs the accessibility between the excitons and the 
substrate molecules, whereas the significantly enhanced efficiencies for the removal of DCAA 
signifies the supporting role of the Cl groups in the degradation process and further augment the 
proposed mechanism.                
The stability of pure and MoO3 coated ZnO powders under illumination was evaluated by 
cyclic voltammetric analysis. The analysis was performed in a potential range of -0.5 to -1.55 V 
(vs. Ag/AgCl/saturated) at a sweep rate of 100 mVs
-1
 in the dark and under illumination. The 
cyclic voltammetric behavior of the powders in the dark is presented in the Supporting 
information (Fig. S8a). The CVs of all the modified electrodes exhibited almost similar patterns 
in the dark and their profiles revealed an electrochemical pseudo-capacitive behavior, 
characteristic of redox reactions. The CVs in the dark exhibited an oxidation peak at -1.18 V in 
the forward scan due to the formation of Zn(OH)4
2-
 ions under applied potential whereas the 
corresponding reduction peak in the reverse scan at -1.33 V represented the reduction of the 
soluble zincate species present in the solution. For 0.5, 1, 3 and 5wt% MoO3 coated ZnO 
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electrodes, in addition to the decrease in the oxidation peak current, a considerable shift in the 
oxidation peak potential was also observed. The shifting of the peak potential is probably due to 
the possible changes occurred to the surface morphology of ZnO after modification with Mo
6+
. 
Additionally, the surface MoO3 may have a contributory role in this regard. A significant 
decrease in the reduction peak current depicted the decreased release of Zn(OH)4
2-
 (zincate ion) 
in the solution due to the surface coating. The estimation of the suppression of the 
photocorrosion of ZnO, under illumination, by cyclic voltammetry, is well established [55, 56]. 
As presented in the Supporting information (Fig. S8b), compared to uncoated ZnO, the reduced 
magnitude of zincate ion release and its corresponding reduction peak was more prominent for 
the coated samples under illumination. The appearance of the additional peak under illumination 
at -1.05 V showed the tendency of dissolution of uncoated ZnO with the release of Zn
2+
 ions. 
The complete disappearance of the same demonstrated the effectiveness of the MoO3 coating in 
inhibiting the self-oxidation of ZnO by the photogenerated positive entities with the release Zn
2+
 
ions. The performance of the 1wt% MoO3@ZnO catalyst in the successive use for three 
consecutive cycles for the removal of the MCAA and DCAA is shown in Supporting information 
(Fig. S9). The catalyst exhibited sustained activity for the removal of both MCAA and DCAA.  
 
4. Conclusions 
The study revealed the efficacy of MoO3 surface coating in effectively suppressing the e
-
-
h
+
recombination process and protecting ZnO against photocorrosion. The lower coating levels of 
MoO3 significantly enhanced the photocatalytic activity to ZnO whereas a detrimental effect was 
observed at higher levels. The suitability of the band edge positions of ZnO and MoO3 and the 
evidences conceived from the time-scale chemical analysis proposed superoxide anions as the 
majority oxidizers in the degradation process. The polarity induced by the Cl groups facilitates 
the interaction of the superoxide anion radicals in the removal of MCAA and DCAA whereas the 
shielding of the polarity induced terminal carbon by the Cl groups in TCAA and lack of enough 
polarity in AA retard the degradation process. The released chloride ions further interact either 
with excitons or the ROS to form ClO2
-
, ClO3
-
 and ClO4
-
 during the degradation process.  
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Figure Captions 
 
Figure 1.  The comparison of (a) the DR spectra in the range of 200 to 900 nm (b) the solid-
state absorption spectra in 300 to 800 nm range. The graphical evaluation of the 
band edges (c) ZnO, MoO3, 0.5 and 1 wt% MoO3 coated ZnO (d)  ZnO, 3 and 5 
wt% MoO3 coated ZnO whereas  (e) and (f) compares the PL and Raman spectra of 
bare ZnO and MoO3 coated ZnO powders respectively. 
Figure 2.  The comparison of (a) XRD patterns of ZnO, MoO3, and MoO3 coated ZnO in the 
2θ range of 20º to 80º (b) the exploded view from 2θ = 20° to 2θ = 30° showing the 
growth of the reflections due to the MoO3 coating and respective hkl indices. 
Figure 3.  The comparison of wide angle survey scans of 3 wt% MoO3 coated ZnO before and 
after etching of the sample. The insets (a) and (b) shows the exploded view of the 
O1s and Zn2p3/2 peaks respectively. 
Figure 4.  The comparison of high precision scans of Mo3d (a, b), O1s (c, d) and Zn2p3/2 (e, f) 
core levels before and after etching of the sample. 
Figure 5.  The comparison of high resolution (220,000×) FESEM images of (a) ZnO, (b) 1 
wt% (c) 3 wt% and (d) 5 wt% MoO3 coated ZnO. 
Figure 6.  The typical TEM images of 5 wt% MoO3 coated ZnO at various resolutions (a and 
b). The typical HRTEM images of 5 wt% MoO3 coated ZnO (c) focusing the 
interfacial region (d) the measurement of the d-spacing of MoO3 coating and ZnO. 
The SAED patterns of the MoO3 coating and ZnO base are presented in (e) and (f) 
respectively. 
Figure 7.  The comparison of (a) decrease in concentration (b) release of Cl
-
 ions (c) 
percentage degradation of MCAA whereas the (d) shows the graphical evaluation of 
rate constant for the degradation of MCAA in sunlight exposure in the presence of 
bare and MoO3 coated ZnO powders. 
  
34 
 
Figure 8. The Mott-Schottky plots of bare and MoO3 coated ZnO in (a) the dark and (b) under 
illumination whereas (c) and (d) presents the graphical evaluation of the flat band 
(Vfb) potential under both conditions. 
Figure 9. The comparison of IC profiles of TCAA removal over (a) ZnO (b) 1 wt% MoO3 
coated ZnO (c) TiO2 (degussa P-25) whereas the (d) shows the comparison of 
TCAA removal over bare, 1 wt% MoO3 coated ZnO and degussa P-25 powders. 
Figure 10. The comparison of the degradation (%) and the graphical evaluation of the rate 
constant for the degradation of MCAA over 1 wt% MoO3 coated ZnO with and 
without dissolved O2 (a and b). The comparison of IC profiles for the removal of (c) 
MCAA (d) DCAA over 1 wt% MoO3 coated ZnO whereas (e) and (f) shows the 
comparison of photonic efficiencies for the removal of MCAA and DCAA, 
respectively. 
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Fig. 1. The comparison of (a) the DR spectra in the range of 200 to 900 nm (b) the solid-state 
absorption spectra in 300 to 800 nm range. The graphical evaluation of the band 
edges (c) ZnO, MoO3, 0.5 and 1 wt% MoO3 coated ZnO (d)  ZnO, 3 and 5 wt% MoO3 
coated ZnO whereas  (e) and (f) compares the PL and Raman spectra of bare ZnO and 
MoO3 coated ZnO powders respectively. 
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Fig. 2. The comparison of (a) XRD patterns of ZnO, MoO3, and MoO3 coated ZnO in the 2θ 
range of 20º to 80º (b) the exploded view from 2θ = 20° to 2θ = 30° showing the 
growth of the reflections due to the MoO3 coating and respective hkl indices. 
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Fig. 3. The comparison of wide angle survey scans of 3 wt% MoO3 coated ZnO before and 
after etching of the sample. The insets (a) and (b) shows the exploded view of the O1s 
and Zn2p3/2 peaks respectively.   
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Fig. 4. The comparison of high precision scans of Mo3d (a, b), O1s (c, d) and Zn2p3/2 (e, f) 
core levels before and after etching of the sample.   
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Fig. 5. The comparison of high resolution (220,000×) FESEM images of (a) ZnO, (b) 1 wt% 
(c) 3 wt% and (d) 5 wt% MoO3 coated ZnO.  
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Fig. 6. The typical TEM images of 5 wt% MoO3 coated ZnO at various resolutions (a and b). 
The typical HRTEM images of 5 wt% MoO3 coated ZnO (c) focusing the interfacial 
region (d) the measurement of the d-spacing of MoO3 coating and ZnO. The SAED 
patterns of the MoO3 coating and ZnO base are presented in (e) and (f) respectively. 
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Fig. 7. The comparison of (a) decrease in concentration (b) release of Cl
-
 ions (c) percentage 
degradation of MCAA whereas the (d) shows the graphical evaluation of rate constant 
for the degradation of MCAA in sunlight exposure in the presence of bare and MoO3 
coated ZnO powders. 
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Fig. 8. The Mott-Schottky plots of bare and MoO3 coated ZnO in (a) the dark and (b) under 
illumination whereas (c) and (d) presents the graphical evaluation of the flat band (V fb) potential 
under both conditions.  
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Fig. 9. The comparison of IC profiles of TCAA removal over (a) ZnO (b) 1 wt% MoO3 
coated ZnO (c) TiO2 (degussa P-25) whereas the (d) shows the comparison of 
TCAA removal over bare, 1 wt% MoO3 coated ZnO and degussa P-25 powders. 
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Fig. 10. The comparison of the degradation (%) and the graphical evaluation of the rate 
constant for the degradation of MCAA over 1 wt% MoO3 coated ZnO with and 
without dissolved O2 (a and b). The comparison of IC profiles for the removal of (c) 
MCAA (d) DCAA over 1 wt% MoO3 coated ZnO whereas (e) and (f) shows the 
comparison of photonic efficiencies for the removal of MCAA and DCAA, 
respectively. 
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Highlights 
 Initially permeate Mo6+ ions at the surface of ZnO and finally transformed to MoO3 by 
thermal treatment in air. 
 The MoO3 coating protect the surface of ZnO against photocorrosion and excitons
 
recombination. 
 The suitability of the band edge positions proposed O2
• ‾ radicals as the majority 
oxidizers.  
 The polarity induced by the Cl groups facilitates the removal of chloroacetic acids 
derivatives. 
  
 
 
